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Abstract

By reaction of PbC,0,4 and TiO, in the eutectic NaCl-KCl salts, both sphere- and rod-like PbTiO5 (PTO) powders were
synthesized via molten salt synthesis (MSS) and template MSS methods, respectively. X-ray diffraction patterns reveal
that all the PTO powders crystallize in a tetragonal phase structure. Increasing the molar ratio of PbC,0,4:TiO»:NaCl:KCl
from 1:1:10:10 to 1:1:60:60 in the MSS process has little effect on the sphere-like morphology of the PTO powders
synthesized at 950 °C for 5 h. Large-scale polycrystalline rod-like PTO powders with diameters of 480 nm-1.50 um and
lengths up to 10 um were synthesized at 800 °C for 5 h by template MSS method, where the rod-like anatase TiO,
precursors were used as templates and the molar ratio of PbC,04:TiOx:NaClKCl was equal to 1:1:60:60. X-ray energy
dispersive spectroscopy spectra reveal that all the PTO powders are composed of Pb, Ti, and O elements, and the
measured Pb:Ti atomic ratios are close to 1:1. In the template MSS process, the molten salt content plays an important
role in forming the rod-like PTO powders. Under low molten salt content, the rod-like PTO powders cannot be
synthesized even if the rod-like TiO, templates are used. In addition, prolonging the reaction time suppressed the
formation of rod-like PTO powders but promoted the formation of sphere-like PTO nanoparticles. The dielectric
properties the sphere- and rod-like PTO powders were comparatively investigated. At room temperature, the dielectric
constant and dielectric loss of the spherical PTO powders synthesized by MSS method with the molar ratio of PbC,0y:
TiO»:NaCl:KCl equal to 1:1:30:30 were ~ 340 and 0.06 (measured at 10%Hy), respectively. The corresponding values for
the rod-like PTO powders synthesized by template MSS method with the molar ratio of PbC,0,:TiO»:NaClKCl equal to

1:1:60:60 were 140 and 0.08, respectively. The present results demonstrate the sphere-like PTO powders have better
dielectric properties, which have promising applications in the fields of multilayer capacitors and resonators.
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Introduction

Perovskite oxides with the general formula ABOj are
one of the most important classes of materials in
solid-state chemistry, which have been widely used in
the fields of ferroelectricity, magnetism, optoelectronics,
and energy conversion [1-3]. Among all the members of
the perovskite oxide family, PbTiO3; (PTO) has the high-
est tetragonal distortion (c/a ~ 1.064), which makes it
remarkable over others. This large tetragonal distortion
corresponds to the highest spontaneous polarization
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among all the ferroelectric perovskite oxides. As a para-
digm of perovskite ferroelectric oxides, PTO possesses
excellent dielectric, piezoelectric, and pyroelectric prop-
erties [4, 5]. However, pure PTO ceramics are difficult to
be prepared as high-density and monolithic ceramics
due to the problems such as the thermal expansion mis-
match, mechanical stretching force, and microcracks in
the PTO ceramics. In the past decade, much work has
been devoted to the synthesis of PTO powders by vari-
ous routes, such as solid-state reaction [6], the sol-gel
process [7, 8], the hydrothermal method [9, 10], the
Pechini method [11], co-precipitation [12], and so on.
However, in all these methods, calcination at more or
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less high temperature is required to get pure crystallized
ferroelectric PTO. Unfortunately, high-temperature cal-
cination usually produces agglomerated powders with a
coarse particle size which requires additional milling
process. Contamination and other undesirable features
during the milling process can create defects in the man-
ufactured products, damaging the electrical properties of
the PTO ceramics.

Molten salt synthesis (MSS) method is an effective
way to prepare perovskite oxide electronic ceramic
powders, which involves molten salt used as the
medium for synthesizing pure perovskite oxides from
their constituent materials (oxides and carbonates) at a
relatively low temperature and in a shorter reaction
time as compared with the conventional solid-state re-
actions [13]. Recently, perovskite PTO powders are syn-
thesized by molten flux reaction using NaCl and
NaCl-KCI as the reaction media [14—-16]. The forma-
tion of spherical PTO powders was achieved by the
dissolved PbO diffusing onto the TiO, surface in the
molten salts and reacting in-situ to form PTO nanopar-
ticles, and then following the nucleation and growth of
PTO nanoparticles. As compared with the PTO
powders, the synthesis of PTO 1D nanomaterials (e.g.,
nanorods, nanowires, and nanotubes) by MSS method
has lingered far behind. The main reason is due to the
challenges in synthesizing high-quality PTO 1D nano-
materials because the high symmetry of the perovskite
structure can easily lead to PTO growing into a cubic
block. To date, only a few works about the synthesis of
PTO 1D nanomaterials by MSS method are available in
the literature. Deng et al. [17] synthesized PTO nano-
rods with diameters of 50—80 nm and lengths of a few
micrometers at 700 °C by using a surfactant (polyox-
yethylene (9) nonylphenyl ether, NP-9)-assisted ap-
proach in a NaCl molten salt medium. The growth of
the PTO nanorods was attributed to the dispersion of
fine PTO nanoparticles and their re-deposition on lar-
ger particles, leading to the formation of nanorods
along the axial direction under the combination effects
of NP-9 surfactant and flux of NaCl. Cai et al. [15] re-
ported on the synthesis of single-crystalline PTO nano-
rods with diameters of 0.1-1.0 um and lengths of up to
a few micrometers by template MSS method, where
NP-9 was used as a surfactant and the rod-shaped TiO,
precursors were used as the templates for titanium
sources. The size and morphology of the rod-shaped
TiO, templates were retained in the synthesized PTO
particles. Similarly, needle-like PTO powders were also
synthesized via template MSS method, where pure
needle-like TiO, particles were used as the templates
[18]. The needle-like PTO particles synthesized by tem-
plate MSS method at 800 °C had a length of 30-100 pm
and diameters of 500 nm-2.0 pm.
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Despite the above reports on the synthesis of PTO
nanomaterials by MSS method and template MSS
method, there are scarce data on the dielectric proper-
ties of the PTO powders. In addition, the formation
mechanism of PTO nanorods by template MSS method
is not well understood. In this work, we report on the
synthesis of sphere- and rod-like PTO powders via (tem-
plate) MSS methods by reaction of PbC,0,4 and TiO, in
the eutectic NaCl-KCl salts without using the NP-9 sur-
factant. The influence of the processing parameters of
the template MSS method such as the reaction time and
molten salt content on the formation of rod-like PTO
powders was investigated in detail. The results demon-
strate that the molten salt content plays a critical role in
forming the rod-like ABO3 compounds with cubic or
pseudo-cubic crystal structure in the template MSS
process. At low molten salt content, the PTO nanorods
cannot be synthesized even though the rod-like TiO,
templates are used in the template MSS process. The di-
electric properties of sphere- and rod-like PTO powders
synthesized by MSS method and template MSS method
were also comparatively studied, and the results demon-
strated the sphere-like PTO powders exhibited better di-
electric properties.

Methods

Materials

Analytical grade reagents of PbC,O, and TiO, (with
sphere-like morphology and mixed phase structure of ana-
tase and rutile) were purchased from Sigma-Aldrich
(Shanghai) Trading Co., Ltd. Analytical grade reagents of
NaCl and KCI salts, K,CO3;, AgNO3 and HCI solutions
were obtained from Shanghai Chemical Reagent Co., Ltd.

Synthesis of Sphere-Like PTO Powders by MSS Method
Sphere-like PTO powders were synthesized via MSS
method by reaction of PbC,0, and TiO, in the eutectic
NaCl-KCl salts. The molar ratios of PbC,04:TiO,:-
NaCl:KCI were selected as 1:1:10:10, 1:1:20:20, 1:1:30:30,
1:1:40:40, and 1:1:60:60. The mixtures of PbC,0y,, TiO,,
NaCl, and KCI were ground in a mortar and pestle for
30 min and then heated in the alumina crucibles to 950 °
C for 5 h. Finally, the products were cooled naturally in
the furnace to room temperature, and they were washed
for several times with deionized water until no free
chloride ions were detected by AgNOj solution to en-
sure complete removal of the salts. After washing, the
products were dried at 120°C for 4h for structural
characterizations.

Synthesis of Rod-Like PTO Powders by Template MSS
Method

Rod-like PTO powders were synthesized via template
MSS method, where the rod-like anatase TiO, particles
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were used as the titanium source. The rod-like TiO,
templates were prepared from the rod-shaped K,Ti Oo,
following a procedure reported previously by Hayashi et
al. [19]. First, K,CO3 oxide was mixed with TiOy oxide
with a molar ratio of 1:3, and then the mixture was
heated at 1000 °C and kept for 18 h. Finally, the product
was cooled naturally in the furnace to room temperature
and washed for several times with deionized water to re-
move residual K,CO3. The obtained main product of
K,Ti,O9 was washed in 70 °C HCI solution (concentra-
tion of 1 M) for 2h to extract K,O, and the resultant
phase was TiOynH,0O, which was annealed for 1h at
600°C, 700°C, and 800°C, respectively, to obtain the
rod-like TiO, compounds. And then, PbC,0, was mixed
with rod-like TiO, templates and NaCl-KCI molten salt
with molar ratios of PbC,04:TiO, (templates):NaCl:KCl
equal to 1:1:20:20 and 1:1:60:60, respectively. The two
mixtures were annealed at 800°C for different hours
(e.g., 1h, 5h, and 10 h). The final products were washed
and dried in similar steps above.

Microstructural Characterization

The phase structures of the as-prepared PTO powders
were characterized by X-ray powder diffraction (Rigaku
D/Max-RA, Cu Ka radiation). A step size was 0.01° per
second, and the 20 range was 15-70°. The surface
morphologies of the PTO products were examined using
scanning electron microscopy (SEM, Hitachi S-3400 N
II, 30kV) fitted with an X-ray energy-dispersive spec-
troscopy (EDS) (EX-250 spectroscopy, HORIBA Corpor-
ation) for element detection. The SEM samples were
prepared by sprinkling powder on carbon tape and
thereafter coated with gold if necessary.

Dielectric Measurements

For the dielectric properties measurements, the dried
sphere- and rod-like PTO powders were pressed into pel-
lets of 12 mm in diameter and 1.0 mm thickness under a
pressure of 7 MPa, which were annealed at 1150 °C for 2 h
in air. Subsequently, the surfaces of annealed pellets were
ground and polished followed by painting silver paste on
both surfaces. The silver pastes were then fired at 550 °C
for 60 min. The dielectric constants and the dielectric
losses of the annealed PTO powders were measured at
room temperature from 10 Hz to 1 MHz by using an Agi-
lent 4192 A impedance-analyzer.

Results and Discussion

Phase Structure and Morphology of PTO Powders
Synthesized by MSS Method

XRD patterns of the PTO powders synthesized by MSS
method at 950°C for 5h under different molten salt
contents are shown in Fig. 1. It is observed that all the
XRD diffraction peaks can be perfectly indexed to the
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tetragonal PTO (JCPDS No. 06-0452, Pdmm space
group, lattice constant ¢ =0.390 nm and ¢ =0.415 nm),
and no other impurity phases are detected. Normally,
the XRD pattern in the 20 = 45° region is characteristic
of the presence of either cubic or tetragonal perovskite
structure. In this case, the splitting of cubic (200) into
tetragonal (200) and (002) reflections at about 20 = 45 is
clearly observed, indicating the formation of pure tetrag-
onal ferroelectric phase. The lattice parameters (a and c)
of the tetragonal PTO powders can be calculated by the
following equation:

2 2 2
1Rk P O

dZ [,ZZ C2

where d is the interplanar spacing between the neighbor-
ing (hkl) planes, and a and c are the lattice parameters
in the tetragonal phase structure. The lattice parameters
a of the PTO powders calculated from XRD patterns
were in the range of 0.3905-0.3911 nm, and c¢ in the
range of 0.4077-0.4089 nm. Details are presented in
Table 1. The c/a ratio was in the range of 1.043-1.047
with an average value of 1.045, smaller than 1.064 for
PTO single crystal. From the XRD patterns shown in
Fig. 1, it can be observed that the phase structure of the
PTO powders is not influenced by the molten salt con-
tent. All the PTO powders crystallized in a tetragonal
phase structure with a space group of P4dmm. Recently,
the theoretical studies on the structural evolution of per-
ovskite PTO from a OD cluster to a 3D crystal by the
CALYPSO (Crystal structure AnalYsis by Particle
Swarm Optimization) structure search method in con-
junction with density functional theory calculations reveal
that the ground state structure of PTO at ambient pres-
sure is the P4mm phase and the quasi-planar structure of
the PTO cluster and the 2D PTO double layer are also
stable at ambient pressure [20]. The SEM-EDS examina-
tions of the PTO powders are shown in Fig. 2. The SEM
images shown in Fig. 2a—e reveal that the PTO powders
mainly consist of many sphere-like nanoparticles except
only a few rod-like particles. With increasing the molar ra-
tio of PbCy0,4:TiO5:NaCl:KCI from 1:1:10:10 to 1:1:60:60,
the morphology of the PTO powders did not change ap-
parently, as shown in Fig. 2a—e. That means, different
amounts of the same molten salts only act as a reaction
medium, they just have an influence on the diffusion rate
of reaction ions. The eutectic NaCl-KCI molten salts (eu-
tectic melting point 650°C) provide a relatively low-
temperature liquid-phase reaction environment, which
aids the transportation of the reactant ions during the
MSS process. It is reported that the reactant solubility in
the molten salt plays an important role in MSS process,
which affects the reaction rate and the morphology of the
as-synthesized products critically [13]. In the present
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Fig. 1 XRD patterns of the sphere-like PTO products synthesized by MSS method at 950 °C for 5 h with the molar ratios of PbC,04:TiO,:NaCl:KCl
equal to (a) 1:1:10:10, (b) 1:1:20:20, (c) 1:1:30:30, (d) 1:1:40:40, and (e) 1:1:60:60, respectively

work, PbO is decomposed from PbC,0, via the chemical
reaction at temperatures of 400-500 °C [14]

which has higher solubility in the molten salt of NaCl-
KCI (the solubility in NaCl-KCl salts is 30 umol/g chlo-
rides at 900°C [21]) than TiO, (which has very low
solubility in alkali chlorides [22]). Therefore, the more
soluble reactant PbO in the molten salt can diffuse onto
the surface of sphere-like TiO, precursor and react with
it in situ to form sphere-like PTO powders by the
solution-precipitation process. A typical EDS spectrum
shown in Fig. 2f demonstrates that the sample is com-
posed of Pb, Ti, and O elements, and the EDS analysis
confirms the chemical composition is nearly similar to
the nominal one.

Phase Structure and Morphology of Rod-Like PTO
Powders Synthesized by Template MSS Method

Before synthesizing the rod-like PTO powders by template
MSS method, the phase structure and the morphology of

Table 1 Lattice parameters of the spherical PbTiO3; powders
synthesized by MSS method

Temperature  Reaction  Molar ratio of Lattice parameters

0 time (h)  PbC,04TiOx:NaCl:KCl a(m) cm) da
950 5 1:1:10:10 03905 04085 1.046
950 5 1:1:20:20 03909 04089 1.046
950 5 1:1:30:30 03911 04083 1.044
950 5 1:1:40:40 03908 04091 1.047
950 5 1:1:60:60 03908 04077 1.043

the TiO, templates were first investigated. Figure 3
demonstrates the XRD patterns of the TiO, templates
annealed at different temperatures for 1h. It is observed
that the predominant anatase phase of TiO, was formed
in the products after annealing at 600 °C (Fig. 3a) and 700
°C (Fig. 3b). However, a certain amount of K,Ti,Oy still
retained in the products. The XRD diffraction peaks indi-
cated by stars are originated from the K;Ti4Oy phase
(ICDD no. 32-0861). With increasing the annealed
temperature up to 800 °C (Fig. 3c), the impure K;Ti4Oq
phase almost disappeared. All the XRD diffraction
peaks shown in Fig. 3¢ can be well indexed to the ana-
tase TiO, (JCPDS No. 021-1272), indicating the for-
mation of pure anatase phase TiO,. It was also noticed
that the crystalline quality of the TiO, template has
much improved because the intensity of the (101) main
diffraction peak has greatly increased. Figure 4 shows
the SEM images of the TiO, templates annealed at dif-
ferent temperatures. All the TiO, templates exhibited
rod-like morphology, and their average diameters var-
ied from 490 nm to 570 nm and then 500 nm as the
annealed temperatures increased while their average
lengths were kept about 12.0 um. The aspect ratios of
the TiO, templates annealed at 600°C, 700°C, and
800 °C were about 25, 23, and 24, respectively. The
rod-like morphology of the annealed TiO, templates is
ascribed to the anisotropic growth of anatase phase
structure in the annealed process. Based on the above
experimental results, it can be concluded that the TiO,
templates with anatase phase annealed at 800 °C for 1 h
have high crystallinity and rod-like morphology, which
are apt to synthesize the rod-like PTO powders via
template MSS method.



Ji et al. Nanoscale Research Letters (2019) 14:62

Page 5 of 12

Fig. 2 SEM images of the sphere-like PTO products synthesized by MSS method at 950 °C for 5 h with the molar ratios of PbC,04:TiOx:NaCl:KCl
equal to a 1:1:10:10, b 1:1:20:20, ¢ 1:1:30:30, d 1:1:40:40, and e 1:1:60:60, respectively. f Typical EDS spectrum acquired from the sphere-like PTO
products synthesized at 950 °C for 5 h with the molar ratio of PbC,0,:TiO»:NaCl:KCl equal to 1:1:10:10
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Figure 5 shows the XRD patterns of the PTO powders
synthesized by template MSS method at 800 °C for dif-
ferent reaction time, where the rod-like TiO, templates
(anatase phase annealed at 800 °C for 1h) were used as
the titanium source and the molar ratio of PbC,04:TiO,
(template):NaCl:KCl was equal to 1:1:20:20. The XRD
diffraction patterns reveal that all the PTO powders
crystallize in a tetragonal phase structure (JCPDS No.
06-0452), and no other impurity phases are detected,
illustrating the formation of pure tetragonal phase struc-
ture. The lattice parameters of the PTO powders were
deduced from the XRD patterns, details are presented in
Table 2. The corresponding SEM images of the PTO

powders are shown in Fig. 6. As shown in Fig. 6a, the
morphology of the PTO powders annealed at 800 °C for
1h is a combination of a few rod-like and large amount
of sphere-like PTO particles. The qualitative volume
fraction of the rod-like PTO particles was only about
3%, and the rod-like PTO particles had an average diam-
eter of about 860 nm and length of 4.50 um. However,
with increasing the reaction time from 1h to 5h, the
volume fraction of the rod-like PTO particles was
reduced to ~2.4% (Fig. 6¢), and the rod-like PTO parti-
cles had an average diameter of about 930 nm and length
of 6.0 um. Further increasing the reaction time up to 10
h (Fig. 6e), the rod-like PTO particles were scarcely
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Fig. 3 XRD patterns of the TiO, templates annealed at (a) 600 °C, (b) 700 °C, and (c) 800 °C for 1 h
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Fig. 4 SEM images of the TiO, templates annealed at a, b 600 °C; ¢, d 700 °C; and e, f 800 °C for 1 h
A\

observed in the PTO products, whereas a large amount
of sphere-like PTO particles were formed (see Fig. 6e-f).
That means, prolonging the reaction time promotes the
formation of spherical PTO particles whereas the forma-
tion of rod-like PTO particles is suppressed. The average
particle size of the spherical PTO particles annealed at
800 °C for 10 h was about 550 nm (Fig. 6e), slightly larger
than the diameter of the rod-like TiO, template (480
nm) (Fig. 4e). The formation of large amount of spher-
ical PTO particles in the products annealed at 800 °C for
10 h can be ascribed to that the rod-like TiO, templates
are broken into small spherical particles during the tem-
plate MSS process, which react with the dissolved PbO
(decomposed from PbC,0O,) in the NaCl-KCl molten

salt, forming spherical PTO powders via solution-pre-
cipitation mechanism. The broken trace of the TiO,
template was observed in Fig. 6b and d, where some
spherical PTO particles were linked together to form the
shape of sugar gourd string. It seems that the rod-like
PTO powders are not successfully synthesized by tem-
plate MSS method under low molten salt content.

It is known that in the MSS process, the grain grows
through the melted salt fluxes at high temperatures, the
molten salt content controls the grain growth rate and
the morphology of the final products [23]. With increas-
ing the molten salt content, larger amounts of molten
salt liquid are formed at high temperature. Thus, the
dissolved reaction ions (e.g., lead ions) are separated
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Fig. 5 XRD patterns of the PTO powders synthesized via template MSS method with the molar ratio of PbC,0,:TiO, (template):NaClKCl equal to
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Table 2 Lattice parameters of the PbTiO5 powders synthesized by template MSS method”
Temperature Reaction Molar ratio of PbC,04:TiO,:NaClKCl in template MSS method
) time (n) 1:1:2020 1:1:60:60

a (nm) ¢ (nm) c/a a (nm) ¢ (nm) c/a
800 1 0.3906 04107 1.051 0.3906 04101 1.05
800 5 0.3908 04100 1.049 0.3907 0.4095 1.048
800 10 0.3907 04101 1.050 0.3905 04100 1.050

*The rod-like TiO, templates annealed at 800 °C for 1 h with anatase phase structure were used as the titanium source in the template MSS process

effectively in the molten salt liquid, and their concentra-
tions require a longer time to achieve the saturation
concentration. Therefore, the nucleation rate of PTO
nanocrystallites at the surface of insoluble TiO, template
particles should be reduced. The formed PTO nanocrys-
tallites have enough time to reunite them into rod-like
PTO particles at the high molten salt content environ-
ment. That means, a high molten salt content environ-
ment is helpful to synthesize the rod-like PTO particles
in the template MSS process. Therefore, we increased
the molar ratio of PbC,04:TiO, (template):NaCl:KCl up
to 1:1:60:60, and their mixtures were annealed at 800 °C
for different hours. Figure 7 demonstrates the XRD pat-
terns of the PTO powders synthesized at 800 °C by tem-
plate MSS method under high molten salt content. It
was found that the PTO powders annealed at 800 °C for
5h (Fig. 7b) and 10 h (Fig. 7c) had pure tetragonal phase;
however, the PTO powders annealed at 800°C for 1h
(Fig. 7a) had a predominant tetragonal phase except the
small impure phases of Ti305 and TiO,. The lattice con-
stants a and ¢ of the PTO powders annealed 800 °C for
different hours were calculated and tabulated in Table 2.
The c/a ratio was about 1.050. The surface morphologies
of the corresponding PTO powders are shown in Fig. 8.
It is observed in Fig. 8a that the PTO powders annealed
at 800 °C for 1h are composed of the rod- and sphere-

like particles. The qualitative volume fraction of the
rod-like particles estimated from SEM image was about
70%. The diameters of the rod-like particles varied from
480 nm to 1.50 pm while their lengths were in the range
of 3.0-7.0 um. The local enlarged SEM image shown in
Fig. 8b reveals that the rod-like PTO powders are com-
posed of very small PTO nanocrystallites, indicating the
broken trace of the rod-like TiO, templates during the
template MSS process. With increasing the reaction time
from 1h to 5h, the volume fraction of the rod-like PTO
powders in the final product was increased up to ~ 97%
(Fig. 8c). The length of the rod-like PTO powders was in
the range of 7.0-10.0 um. However, further increasing
the reaction time up to 10h (Fig. 8e), the volume frac-
tion of the rod-like PTO particles in the final product
was about 85%, and the length of the PTO rods was in
the range of 3.5-6.5um. The diameter of the rod-like
PTO powders was in the range of 970 nm—1.50 um.

The formation of rod-like PTO powders under high
molten salt content by template MSS method can be
understood by the following process. In the template
MSS process, PbC,0, is first decomposed into PbO,
CO, and CO, in the temperature range of 400—500 °C,
and PbO is dissolved into the molten salt liquid at 800°
C (its solubility in NaCl-KCl salts is 14 umol/g chlorides
at 800°C [21]). The dissolved PbO diffuses onto the

1:1:20:20 and annealed at 800°C fora,b 1h; ¢, d 5h;and e, f 10h

Fig. 6 SEM images of the PTO products synthesized via template MSS method with the molar ratio of PbC,04:TiO, (template):NaCl:KCl equal to
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Fig. 7 XRD patterns of the PTO powders synthesized via template MSS method with the molar ratio of PbC,0,: TiO, (template):NaCl:KCl equal to

surface of the rod-like TiO, template and reacts with
TiO, in situ to form PTO nanocrystallites via the chem-
ical reaction at 800 °C
Since the molten salt content is much high (the molar
ratio of PbC,O4TiO, (template):NaCLKCI equal to
1:1:60:60), so the dissolved lead ions are separated effect-
ively in the molten salt liquid, its concentration needs a
longer time to reach the saturation concentration. The
rod-like TiO, templates have very low solubility in
NaCl-KClI salts, which are broken up into small TiO,
spherical particles at a high temperature under high

molten salt content environment. Therefore, the
dissolved PbO reacts with the broken TiO, particles at
their surfaces to form PTO nanocrystallites. These
PTO nanocrystallites have enough time to reunite them
into the rod-like PTO particles under high molten salt
content environment. As shown in Fig. 8c, large-scale
polycrystalline rod-like PTO powders with diameters in
the range of 480 nm—-1.50 um and length up to 10 um
were synthesized. They are composed of small nano-
crystallites as observed in Fig. 8d. The schematic
diagrams illustrating the formation of PTO particles in
the MSS process and rod-like PTO powders in the tem-
plate MSS process are shown in Fig. 9. Our present
work demonstrates that the molten salt content plays a

1:1:60:60 and at 800°C fora, b 1h; ¢, d 5h;and e, f 10h

Fig. 8 SEM images of the PTO powders synthesized via template MSS method with the molar ratio of PbC,0,TiO, (template):NaCl:KCl equal to

N
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critical role in forming the rod-like ABO; compounds
with cubic or pseudo-cubic crystal structure in the
template MSS process. That is said under low molten
salt content, the rod-like PTO powders cannot be syn-
thesized even though the rod-like TiO, templates are
used in the template MSS process. The formation of
the polycrystalline rod-like PTO powders in the shape
of a sugar gourd string rather than single-crystalline
PTO rods still needs further investigation.

Dielectric Properties of Spherical and Rod-Like PTO Powders
The dielectric constants (¢r) and dielectric losses (tand)
of the spherical and rod-like PTO powders synthesized
by MSS and template MSS methods are shown in Fig. 10,
which are measured at room temperature as a function
of the frequency. Similar frequency-dependent dielectric
behaviors are observed in the spherical and rod-like
PTO powders. As shown in Fig. 10a, the sphere-like
PTO powders (a) and (b) synthesized by MSS method at
950°C for 5h with the molar ratios of PbC,O4TiO,:-
NaCLKCI equal to (a) 1:1:30:30 and (b) 1:1:60:60, re-
spectively, have much higher dielectric constants than
the rod-like PTO powders (c) and (d) synthesized by
template MSS method at 800 °C for (c) 5h and (d) 10h
with the molar ratio of PbC,04TiO, (template):-
NaCl:KCl equal to 1:1:60:60. It is noticed that the dielec-
tric constants of the sphere-like PTO powders (a) and
(b) have decreased fast (from ~ 3000 to ~700) in the
frequency range below 10° Hz, then reduced slowly with
further increasing the frequency over 10 Hz, and finally
become a constant value of ~ 340 at a higher frequency
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over 10° Hz. The fast decrease of the dielectric constant
at lower frequencies is ascribed to the space charge
polarization effect, which is correlated to the non-uni-
form charge accumulation at grain boundaries within
the sphere-like PTO powders. The slow reduction of the
dielectric constant is due to that the dipoles present in
the PTO powders could not reorient themselves as fast
as the frequency of an alternating electric field, resulting
in a decrease of the dielectric constants [24]. In contrast,
the rod-like PTO powders (c) and (d) synthesized by
template MSS method exhibit a slight frequency-
dependent dielectric behavior, their dielectric constants
are slightly reduced with increasing frequency below
10° Hz, and then become a constant value of ~ 140. It
is observed in Fig. 10b that all the dielectric losses of
the spherical and rod-like PTO powders are decreased
with increasing frequency due to the existence of the
space charge polarization in all the PTO powders. The
dielectric loss of the PTO powder (b) has the highest
value, which has reduced fast with increasing frequency
below 10°Hz, and then it becomes constant. The
dielectric losses of the PTO powder (a) are reduced
slowly with increasing frequency, which has the lowest
value as compared with the other three PTO samples.
The dielectric losses of the spherical PTO powders (c)
and (d) synthesized by template MSS method exhibit
very similar dielectric behavior, their dielectric losses
are reduced slowly as the frequency increases. At room
temperature, the dielectric constant and dielectric loss
of the spherical PTO powders (a) measured at 10° Hz
were ~ 340 and 0.06, respectively. The corresponding

-

Mixing of reactants
with molten salts

molar ratio of
PbC,0, : TiO, = 1:1

Rod-like TiO,

NaCl + KCl

molar ratio of
PbC,0, : TiO, = 1:1

MSS process

Rearrangement and
diffusion of reactants

Fig. 9 Schematic diagrams illustrating the formation of (a) PTO particles in the MSS process and (b) rod-like PTO powders in the template

Nucleation and growth

PbTiO; particle

Rod-like PbTiO,
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Fig. 10 a Dielectric constants (er) and b dielectric losses (tand) of the PTO powders synthesized by MSS method and template MSS method.
Samples (a) and (b) were synthesized by MSS method at 950 °C for 5 h with the molar ratios of PbC,0,:TiO,:NaCl:KCl equal to 1:1:30:30 and
1:1:60:60, respectively. Samples (c) and (d) were synthesized by template MSS method with the molar ratio of PbC,0,:TiO, (rod-like
template):NaCl:KCl equal to 1:1:60:60 and annealed 800 °C for 5h and 10 h, respectively

values for the spherical PTO powders (b) were 155 and
0.12, 140 and 0.08 for the rod-like PTO powders (c),
and 130 and 0.07 for the rod-like PTO powders (d).
Therefore, the sphere-like PTO powders (a) have high
dielectric constant and low dielectric loss, and these di-
electric data are better than that reported previously for
the PTO nanoparticles synthesized via sol-gel process
and annealed at 600 °C for 6 h (the dielectric constant
and dielectric loss at 10° Hz were about 15 and 0.40)
[25], and for the PTO nanoparticles synthesized by ste-
aric acid gel method and annealed at 400 °C for 1 h (the
dielectric constant and dielectric loss at 10° Hz were
about 50 and 0.002) [26]. Normally, to measure the di-
electric properties of PbTiO3 ceramics prepared from
the nanopowders synthesized by chemical methods
such as the sol-gel method [27], hydrothermal method
[28, 29], or by physical method such as high-energy ball
milling technique [30], PbTiO; powder samples are
usually pressed into pellets under a hydraulic press
(using 1cm diameter die). For making dense PbTiO;
ceramics, the samples are needed to be sintered at high
temperatures (e.g., 900°C or 1000°C for 2h in air)
followed by furnace cooling. Leonarska et al. [28] syn-
thesized the PTO nanopowders at 490K for 2h by
hydrothermal method and then prepared the PTO
ceramics from the as-synthesized PTO nanopowders
and sintered it at 1240K for 1.5h. They checked the
impact of high-temperature process on the morphology
or crystallization degree of the PTO ceramics by SEM
observations and found that the PTO ceramics had
slightly larger and rounded ceramic grains in compari-
son with the nanoparticles obtained directly from
hydrothermal method. Similarly, Hu et al. [29] also
reported the preparation of PTO nanoceramics (with
grain sizes of ~200nm) under sintering process (at
950°C for 2h in air) using the hydrothermal PTO
nanopowders (with average grain size of ~ 100 nm) as

the raw materials. This result indicates the sintering
process of the hydrothermal PTO nanopowders can in-
crease the grain size. Kong et al. [30] prepared the PTO
nanopowders (with average grain size of ~10nm) by
high-energy ball milling technique, and pressed them dir-
ectly into green pellets and sintered at 1100°C for 1h.
Crack-free PTO ceramics with 95% of the theoretical
density were successfully obtained. SEM images revealed
that the average grain size of the sintered samples were <
1.5pum. In the present work, we have prepared dense
PbTiO3 ceramic samples under a sintering process (at
1150°C for 2h) by using the as-synthesized sphere-like
PTO powders via MSS method and the as-synthesized
rod-like PTO powders via template MSS method. The
high-temperature process has improved the crystallized
quality and the grain sizes of the PTO powders but has
few effects on the morphology. The best dielectric proper-
ties of the PTO ceramics prepared the as-synthesized
spherical PTO powders by MSS method are attributed to
their larger average particle size (~ 2.0 um).

Conclusions

Both sphere- and rod-like PTO powders were synthe-
sized by MSS and template MSS methods, respectively.
XRD patterns reveal that all the PTO powders are
crystallized in a tetragonal phase structure. SEM images
demonstrated that increasing the molar ratio of
PbC5,0,:TiO5:NaCL:KCl from 1:1:10:10 to 1:1:60:60 in
the MSS process had little effect on the sphere-like
morphology of the PTO powders synthesized by MSS
method. Large-scale polycrystalline rod-like PTO pow-
ders with length up to 10 um and diameters in the range
of 480nm-1.50 um were successfully synthesized by
template MSS method at 800 °C for 5h, where the rod-
like anatase TiO, precursors were used as a titanium
source and the molar ratio of PbC,04TiO,:NaCLKCl
was equal to 1:1:60:60. It is found that under low molten
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salt content, extending the reaction time promoted the
formation of sphere-like PTO particles whereas the for-
mation of rod-like PTO particles was suppressed. In
addition, the rod-like PTO powders cannot be synthe-
sized even if the rod-like TiO, templates are used. Di-
electric measurements demonstrated that the dielectric
constants of the sphere-like PTO powders synthesized
by MSS method decreased fast from ~ 3000 to ~ 700 at
low frequencies below 10°Hz, and at high frequencies
over 10° Hz they became a constant value of ~ 340. The
fast decrease of the dielectric constant at low frequencies
is ascribed to the space charge polarization due to the
non-uniform charges accumulated within the PTO pow-
ders. The rod-like PTO powders synthesized by template
MSS method exhibited slight frequency-dependent
dielectric behavior, their dielectric constants decreased
slowly at the frequencies below 10°Hz and then
remained a constant value of ~ 140 as the frequency in-
creased up to 10°Hz. At room temperature, dielectric
constant and dielectric loss (measured at 10° Hz) of the
sphere-like PTO powders synthesized by MSS method at
950 °C for 5h with low molten salt content (the molar
ratio of PbC,04:TiO,:NaCLKCI equal to 1:1:30:30) were
340 and 0.06, respectively, and the corresponding values
were 155 and 0.12 for the sphere-like PTO powders syn-
thesized by MSS method with high molten salt content
(the molar ratio of PbC,04TiO,:NaCL:KCl equal to
1:1:60:60). The dielectric constant and dielectric loss for
the rod-like PTO powders synthesized by template MSS
method at 800°C for 5h and 10h under high molten
salt content (the molar ratio of PbC,04TiO, (rod-like
template):NaCl:KCl equal to 1:1:60:60) were 140 and
0.08, and 130 and 0.07, respectively. The higher dielec-
tric constant and lower dielectric loss of the sphere-like
PTO powders synthesized at 950°C for 5h by MSS
method with the molar ratio of PbC,04:TiO5:NaCl:KCl
equal to 1:1:30:30 are ascribed to their large average par-
ticle size (~ 2.0 um), which have promising applications
in multilayer capacitors and resonators.
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